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Analysis of doppler  tracking from [he (ialileo spacecraft has yielded a prelinlinary estir]lu[e  [i)r [he jec[)nd

order gravi[y  field of Io, ond improved upon valuwi for the 10, wrd Europa rr)as>e> and ephe:Tleridcs, and ht
mtiitional pole. mass, and ephenleris of Jupiter. The present result> are consistent wirh previously
p u b l i s h e d  resulr>  for Voya$wrs  ] and II, lv[irss  results  iue expressed fis [he product CjiYf, the universaI

gravitational constarr[  Cr [irnes the mass in grarrls M of the body, in unit~  01’ (knl] s“?). Wi[h :hese  Lphrttd

values. r e c o n s t r u c t i o n s  of t h e  e n c o u n t e r s  ot’ [he Gtlli]eo  sp~[cccra[’t  pair (orblte[  :md probe) wi[h Jupiwr arKi

Io we~-e possible.

In this paper we shall describe  G,dileo$s navigation accuracies whicvcd during [he five months prccedin~ ihc
Jupiter encounrer for bo(h [he probe ml orbi[cr, and  corllpalc [hcsc wl[h [he corresponding [heo[cucai
predictions. Furrhcrrnore  wc comptr[e new ephemerides for Jupiter, Io, Ond Europa. crs well as cs[irna[irlg  J
second order gravity field for Io. ,Ncw values for the n]ass of Jupiter and Its ro[a[lon  axis ~re also provicicd.
Background information on the spacccmt’t @ i[s mission to Jupi[cr have Ixcn \vel[-ciocL]!rlcl] ted in the
literature  [ 1 ](2 1(3].

Galileo’s Jupiter encounter began with [he acclivities associated wi[h the release of its atr[]osphere  probe on
July 13, 1995, The probe’s target was defined to be an alti[ude 0f450 krrl above the 1 bar level of Jupiter’s
atrr~osphere (the reference ellipsoid). Targeting pararne[ers  included  entry time, flight path angle wi[h
respect [O the atmosphere (relative tlight path angle), and entry latitude. T’o prevent skipping out of the
atmosphere or excessive accelerations upon entry, while maintaining radio link rrlargins, the probe
trajectory had to achieve a relative path angle of -8.60” t 1.4° at a latitude of 6.57” ~ 0,5” on December 7,
22:04:26 t 480 seconds UTC, Jupiter ‘True  F{.quator  of Date (J’L’E.D)  [4]. I’hese margins are in terlns of the
99ticentile  certain[y,  or equivalently, 2.6cr

On March 23, 1995 a trajectory correction nlaneuver (T’CiM23)  targette.d the combined orbiter/probe
spacecraft to -6,5” latitude and 240” longitude, JTH),  Afterwards the spacecr,aft’s attitude was readjusted [o
establish the corl-ect angle of attack for the probe, Next the orbiter/probe was spun-up from 2.89 rprn  to

approximately 10.5 rprn,  And finally on July 13, 1995, the probe was ejected florn the orbiter by a pre-
Ioaded  spring  rrlcchanisrn.  These events are chronicled in Table 1.

AS dcJculllented  in ref. (1], navigation o&.ervables  for the orbiter/prc)be  spacecraft included two-way coherent
S-bred doppler (W)  (at least seven passes per week), one-way S-band doppler (~1 ) when available, tiKi
approxi~nately  hi-weekly ranlped-doppler  ranging (prior to probe release only). Doppler co~’erage irrcre,awd
to continuous track~ng during spscial events such as rrlaneuvers. The F2 were weighted between 1 mm S“[
md 2 ml s“ t for 60 second avera~es. Lhrring probe release (and ODM),  orbi[er  main[e[lance irctivities
precluded W collection for several days, and F1 was utilized in its place.
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l’he probe could not be tracked after separation from the orbiter, [bus knowledge of the probe uajectory WJS
inferred from orbiter  tracking. The strategy followed for de[erinining the probe’s orbit s[a~ed wi[h
reconstructing the orbiter’s trajectory to Jupiter. A long arc of nearly one ye~r in length, from January [o
December 199S, was USed for this purpose, This arc was also used [o estimate a new Jupiter epheme[is.
Based on the orbiter  reconstruction, an updued Jupiter ephemeris, and probe telemetry [he aunosphcre
probes’s trajectory could be reconstructed.

Table 1. Jupiter Approach Event Times

Event Date UTC/’SCE-r-. .—
Spin-up for probe sep

Probe separation
Probe sep spin-down

ODM spin-up
ODM

OOM spin-down
TCW26
TCM27
TCM28

TCVi28A
Europa flyby

10 flyby
Jupiter closest approach

Probe entry
SoIn-up

JO I
Spin-down

Dut[i Gieirning
l-he arc for determining the Jupiter ephemeris consisted of dau from January 10 rhrough  L)ecernber  7, 1995
04:16:00 UTC SCET. (This time marks the last }’2 point before JO1.) Note that this arc excludes
encounter (or post-encounter) dara. This was intentional, to prevent a[iasing the epherlleris detern)irmtion
with Io and JOI uncenairrties.

I’he. data remained stable during [hc first seven nlonths of the. arc. In the last t’our  months. however,
increasing no i se  and u n e x p l a i n e d  bimes (3 to 4 mhz) in the E? prcduced orbi t  solut ions wi[h
inconsistencies. The absence of the Can berrtr 70-rne[er antenna in September and C)ctober  (main[en.arrce)
participated in the erosion of’ [he solution stability. Also, due to the southerly declirra(ion  of the spactcr:if[
(-220), northern hemisphere tracking from Madrid and Goldstone  produced low elevation profiles, Given zhe
susceptibility of n-acking data under such conditions to media effeCL$,  primarily from the ionosphere, WI
attempt was made to estimate the mor  in ionospheric calibrations by rrlodellirrg  the iorrosphere  a’ a
stochastic process with a three-rkay coneiation time, usin S the same process noise as the u pliort sigmas.
l’his approach yielded more consistent results, and although the inconsistencies did not vanish, this beco.mc
the nominal solution straregy.

The arrival at Jupiter narrowly pwceded  corrjunc[ion, and consequently tracking dati progessi~rely  grew
rroiser  during the approach, although not in tr unit’orrrl rrlanner  {-4]. Use of a single accuracy for all the p(~st-



release data (i.e. starring in August) wos unreasonable, since variations in signfil noise invi[cd  uIIW’c!COme
aniounts ot’ subjectivity in choosing da[a weights, Instead, Q pass-by-pros calculation of [hc data rnls was
made,  fronl which a data weight was derived. 13y assuming tha[ [hc power specuum of solar plasma follows
a Kolnlogorov law for time SCales larger than one cloy. [he rn~s was scaled to xcount for the scnsitiviq  of
doppler to diurnal chanys. This medlod  was iterative. In prfictice, data weigh[s were SCaled by a fac[or of
3.36 above the rms for nominal doppier,  l~or some of [he data [his resul[ed in very small data wci:h[s, so J
lower limi[ of 0.5 MJ1l S“i was applied, Thus  [he pass-by-pass weighting scheme resulted  in a rm:e of
weights from 0.5 Mm S’[ to 5 mm S“l, I’his [I]e[hod  returned consistency [c) [k approach Soiu[lons  lrd
msumd that noisy paSSM wou[d not unduly influence [he rcsuits.

Nc~r the end ot’ .November as conjunction approached, daily cloppler bimcs (trea[cd  as uncorrclmd stochastic
parameters) were inuoduced as a [nc~ns of accounting t’or [he incrmsc  in solar plxma densi[y. The p[octsj
noise was never more [ban 2.5 mhz, (O. 17 mm S-l), yc[ this rt~ethod further improved the cons Is Icncy or’
solu[ions.

New Jupiter E:phe/t/et-is
As the sensitivity to Jupiter’s ephemeris gIew, consistency in the 01) solutions wave:ed again. bu[
eventually se[tled down before  [he final pre-lo data cutoff, The final rccons[ruc:ion  of tht? orb[ter’s approach
using this data cutoff, Iabelled OL)1O5, represents our best estitlla[e of the probe release / O[lkl  even[s.
Results for selected influential propulsive events occur[rn~  rrcar [his [ime xc listed in l’,~blc 2. Th]s
reconstruction also moved Jupiter nearly 2cr away from the latest (B 1950) JP1. ephemeris, DE- 143. I’hese
corrections [o the Jupiter ephemeris are listed in Table 3. ~\s shown in l’able 3, Jupi[er’s  mdial uncertainty
improved by nearly  85% and the downrrack unctmainty by 67%. Without post-encoun[er  data, Jupi[er’s
ou[-of-plane  (Normal) position improved only marginally.

Table 2. Selected Propulsive Events  Near  Probe Release

A prjori Reconstruction Uncertainty Deviation

1(3
Spin-up for probe sep.
Probe separation
Spin-down from sep.
Spin-up for ODM

OflM AV

00M a
013M 6

ODM avg. thrust
Spin-down from 0f3M

. .

44,8 rams’
. .
. .

61.855 rns”’

101.890”
‘2’2.150°
403,95 N

. .

14,4 mms”’
43.7 mrns”
8.4 mrns”
1.6 mms”

61.114 ms’

101.939”
2’2,096°

395.186 N
8.2 mms”’

6.6 mms ‘ . .

0.4 mms” -p.S”/o (<1 6)
7.7 mms”’ --

13.0 mms” -
12 mm s“’ -1.2% (<1 Cr)

0.021° <1(s
0.043° <Icr
0.075 N 10

5.0 mrns”’  --

Table 3.  Jupi ter’s  Posi t ion Correct ions with 10 Uncertainty (wrt DE143)
Sun-centered Earth-Mean-Ecliptic of 1950, Jupiter-orbit Fixed

December 7, 1995 17:46 UTC SCET

Radial Downtrack Normal
(km ) (km) (km)— .  — . .  .—

17,1 +1.4 -64.4 * 11.3 74.2 f 179.1

With an orbiter reconstruction, an updated Jupiter ephenleris, and (following probe playback) probe-en~
telenlemy,  a probe reconstruction was possible. From the orbiter reconstruction, an epoch probe state



.

uncertainty ~d probe separation AV were deduced. Frorll  probe [elen~etry come [he acmd  time ot’ enrry
fIom accelerome~er  dam [51. l’his accumulation of information was sufficient tO yield a tr~je~[ory ard
cowu-iance mapped  to the 450 km altitude entry conditions at Jupiter.

[;rror Sources
The major uncertainties in the probe traje.c[o[y included spacecraft s[ate, Jupiter’s ephemeris, probe
separation L\V, and probe spin-up L\V, (Theoretica[[y  the probe spin-up i\V equals zero since spin-up
thruster prrlsings should cancel translational movements; bu[ [hey did not. ) Furthermore, this residual AV
was mainly constrained [o the direction p.erpendiculu to the F!arth-line,  so little information was
forthcoming from the trocking data. Even the probe separation event was highly uncertain bec~use the enor
analysis of the release mechanism undertaken before launch was flawed. The analysis had been perf”ormeri  ar
room temperature, while the rnechanisnl in the cold (shade) Of deep space was expected tO respond 1.2’ZO
higher [6]. The mapping  included solar pressure uncertainties m consider parameters, since they could not be
es(imared  for the probe. All a priori uncertainties associated wi[h [hese sources ure listed in Appendix 1

Probe Entry
The probe’s entry conditions for seveml OD solutions are listed along wirh the target and its lrr tolerance in
Table 4. (The requmemenrs  actually levied were s[ared in terms of 99%, or 2.6rs, uncertainty. ) 0D8~ ad
TCh423 targetted the probe sufficiently close to the tin-get such that a second, planned mrge:ing  nlaneuw>r,
I’C,M’24, was cancelled. 0D87, however, was a pre-separation solution and therefore the spin-up and probe
separation uncertainties were considerecl.  Following probe release and OOM. OD9 I was cornpured  to
estimare the magnitudes of the spirl-up and probe separation and their influence on [he entry parame(em,
Iastly,  using the long xc, a conlplete  probe reconstruction was per-t’orlncd. It shows [hat with respect [o [he
targetted vahres, the probe m-rived  18 seconds Irrte (a 0. la miss), en~ered  0,23” too shallow (a O.-1o  miss) ad
0.036 further south in latitude (a 0.2cr miss). ~’hcse results are we!]  wi[hin requirenlen[s.

Table 4. Probe Targeting History : 10
(JTED on Dec 5, 1995)

Delivery
—

Entry Time’ Rel, Flight Latitude Longitude
(h:m:s) Path Angle (0) (degrees) (degrees)

. — — — — - —  .—. — .
Target : lrs 22:04 :26.0 * 188 S -8.60 f 0.55 6.5750.2 none

We- re l ease  (OD87)  22:04  :29,0 i 37 s -8.59 t 0.15 6.57 Y 0.02 354.60 ? 0.46
Post-release (C)D91)  22:04  :04.5 i 41 s -8.31 i 0.06 6.55 fO. O 1 355.61 ~0.49

Reconstruction 22:04  :43.9 ? 5.3 S -8,37 ? 0.04 6.54 + 0.01 354.79 k 0.0!3

* on llecember  7 1995 (UTC)

iNo[e  that the pre-release  entry time is closer to the reconstmction than the post-release solution. Prabe
release events apparendy  aliased into subsequent propulsive events (e.g. spin-down, ODM),  thereby
producing some spurious estimates for probe activities. Nevertheless the reconstructed entry time remains
within lcr of the post-release tinle, telling us that 01)91 was aware of its potential to mislead.

F~rom late October to mid-iNovember  of the Jupiter ~pproacb, three optical navigation images (opnavs)  were
scheduled to supplement the radiome~ics,  These opnav data consisted of CCC) images of Io. E;uropa,  ad
[’,uropa, against the stellxr background. Navigation planning and much of the science activities at 10

presumed a healthy spacecraft. A tape recorder anorna!y  on oc[obrr  11 ultimately resulted in the loss of nil
opnav  data, thereby disenfranchising the spacecraft of its target-rela[ive  navi~atiorr  capabilities.
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“1’he post-  ODivl [.ar~et for the orbiter was an IO closest ~PP1cJach  aititude of ] 000 km  and 1.6= south lati[Llc!t,
since  perturbations to the spacecraft s~ale. nS well as L][~cer[ai  Il[ics in [he Jllpi[er ephen]cris,  could reslll[ III
an altitude elTor of severll  hundred kilometers a[ [h~ 10 flyb~, four [arge[[ing  maneuvers were planneci tior[~
}\ugust rhrough  Ilecembcr.  AS it turned out, on]y Orle I]laneuver  occur[mi. T’C1M26  delivered the spacecc:.t”t
sufflciendy close to [he target -- leading to [he even[uai c~ncellation of all subSt!q  Llellt maneuver desig~ls
(i.e. TCW?7,28,28A).  Table 1 lists the maneuver [inlcs and salie~lt events neor the Jupiter encounter,

I)rmiicted  10 u n c e r t a i n t i e s  i n  t h e  Io B-plllne for the aPP1oach n]aneuvers arc listed in “1’~blc 5. of the fi!c
maneuvers listed, only TCk426  and TC?v129 (JO1) were pcrlimlwd. o,ving [o JOr’s significance, [he JCI
nlarle Liver delivery wx designed nnly [U upd~te  or .’twcak”’ an ex[:m[ rrorrlina[ J(JI design. Thus in I“able 5,
the JOI delivery refers to a paran]eter update, n{){ to :~ COTI)l)ICLC  rrlancuver  design.

Table 5, Predicted Orbit Determination Uncertainties For 10 Delivery

Data Cut-Off Time Maneuver GB*FI c@T o~7”OF” Number  of -

(days) Supported (km) OPNAVS. .  . .— -c (jkrn~ ____ _ _(s)———————.  .—.
10-114 TCM 26 ?258 13’35 :.?8. o

IO-27 TCM 27 i. 64 t108 78.1 1
IO-19 TCM 28 T 60 2110 ?.8.3 1

10-6 TCM 28A ?32 ?54 :.4.1 3
10-3 JOI t 32 ~ 76 :1.4 3

lo. passage

I’he t a p e  recrmier al]mnaiy  forced  t h e  lOSS o f  ,sciencti  data at 10 ~nd was rcsp{~rl~tble  for relax in: deli\ery

require rIlen Ls at 10. Canmra pointing 3ccuracies  were no longer  a concern; spacecrilft  energy  cturrge become

the sole ci[-iver. Since the encoun[er was [O occur a[ equatorial latitudes, this plactxi i[ very ne~r the ecliptic,
l’hus the 10 alti[ude was high~y correlated with the B,T corr]ponen[  Of [he B-plane, E{nergy ch~ng~,
proportional to flyby altitude, was therefore highly correlated with B,T. l’he EI,R component was less
inlportant  dLle to focussing  et’fec[s.

For comparison wi[h Table 5, Table 6 lists  the de:rada[ion  irl the prc.xiic[eci uncertainties [hat ticcor[lpar~icci
the 10SS Of opnav data. Surprisingly, in the last week Of the approach, the real OD  [lacking i~pnais)

p(duced  smaller uncertainties in B,T than were predicted in the sinlula[iorr with opnavs.  T’his was ~
consequence of consider effects.

In geneml.  the 11.1’ corriponent can be extracted frorr~ a tracking signal over a pe[iod of several days, And m

the spacecraft nears  a planet this inforrrlation  begins to yield significant improvements to B*T and tirlv-ot-
flight. l’he out-of-trajectory-plane component (tl*R) c~n only be exri.rcted fron~  the observed signal over a
priori of several wweks,  all else equal, Hence B.R knowledge irrlproves  only rrta-girlally with dopplcr,
although it can be improved with oprrav data. T h e  B.R cornponen[  for Galileo, as seen in “l’able 6,
rernai ned large because of the opnav  losses,

l’he movement of’ the spacecraft in the B-plane durin~  approach is illustrated in I’able 6 and I-’ig.  1, Note
that the altitude rem~ineci  within approximately + 100 krrl of the ] (WO krrl target during the month preceLiiny
the encounter.

The = 100 km altitLlde  en or was, (apparently) acceptable to the (ialileo  project due to arr-i val options o[
Cianyrnede, in June 1996. ?vloreover  from o rrjangagerr]ent  perspective, the low altitudes p[edictcd  by 0D96



and OD97K2, combined wi[h the no/nitlu/  JOI, ~rocfucerj a bonlls. The addi[ionai  AV impsrrred tO [he orbi[er
by [he IOW flyby was seen to (serendipitously) advance the arrivrrl daw at Ganymcdc  vcr~ nearly onc
Gnymedc  orbital period (1 week). Thus the orbi[er could remain on i[s “low” trojcc[ory  [thereby
climina[in~ last- min Lltc sequence parameter changes), peti’orm  [he non/ins/  JO I burn ([hereby eliminatluv
Imt-minute mo-irr engine p~ameter  changes), reach Ganymede  with a subsequent nea[”iy-nomiwri seqLwncc of
events, md yet still r~rtl.ain within [he orbiter’s budge[[ed propellant allorlnerr[.

T a b l e  6 .  1 0  B-plane  History  with 10 uncertainties (EM050)
(No Opnavs)

Data Cut-Off Time
.

Maneuver 5*R B*7” TCA’ Altitude
(days) Supported (km) (km) (h:m:s) (km)

Target 87 2847 17:45:44 1000 -

IO-114 (0091 ) TCM ?6 433 f. 373 925 ? 437 41:55 f. 29 -800 t 429

IG27 (OD94) TCM 27 205 i 120 2925:131 45:39 ! 11 1084 =126

10-19 (OD95) TCM 28 226 z 102 2919  z149 45:40 f 12 1080 i145

10-6 (OD96) ICM 28A ~20  i 70 2 7 5 3 1 3 4 45:53 :-2.1 937 z 36

1 0 - 3  (OD97P2) JO I 392 z 71 2708 ?. 23 46:58 ?0,8 888 ? 27

10+0.01 (ODIOO) -- 474 ? 2 2699 T 2 47:00 =0.1 892 z 2

10+55 (Recon.) -- 469 :0,2 2708 z 0.2 47:00 :0,0 900 f 0.3

* on December 7 1995 (LJTC)

The 10 flyby reconstruction is presented here, Irl [his an~lysis re~lis[ic  and adequate cons[rain[s  have he:l
es[abbshcd  by applying the following prccedurw. 1. Firmly restraining bo[h Io inbound and outbound
asylnp[otes  (with [en wee,ks  of F; I and H), 2, ~djusting da[,a we[gh{.s  uniquely pass-b-v-pass. 3. eschewing
un[nodel]able  data, and 4. applying [he Ia[est models to [he problem (see .-lppendix 2).

.November  21 w.m selected as [he epoch of the reconstruction  &?ta set since that date correymdcd  [O [h?
longest interval before  Io without any propulsive events located in-between. January 31 was chosen as [h<
end of the arc because that point on the rrajectoly wm, regarded  sufficiently far from Jupiter. Jh’for;  ove[
[hese bounds also provided about ten days of nominal (low r[ns)  doppler at each end of rhe MC -- sufficient.
to esmblish both the inbound and outbound asymptotes with high degrees of cerr.tinty. (h’lC)s[ Of [he
intervening IQ was noisier due [o solar conjunction. ) To illuswate, the first ten days of doppler on rhe
inbound side exhibited an n[ls scatter of 6.9 nlhz, or 0.5 mn~ S“[ across [his interval. l’hus control of [hc
itibourrd asylnptote  was established with the following asymptotic uncertainties: S“RO == 56 ,urad, SO1’~ =
3 Vrad, Simil.u  values existed for the outbound asymptote.

~~g : ~~~~
~Qrlcohe~e.nt  D.opp ls.~

[o Residriuls
One-way incoherent doppler tracking aroLmd  the 10 encounter adrrlit[ecf an irnrnedia[e  reconstruction of lhe
tlyby conditions. I“hree days Ofl;l were included in the clak? set, from Dec. 5 to Dec. 8 (coherent data WIS
unavailable from Dec. 7, 4:] 6 UTC SCX1’  through Dec. 8, 7:24), Since El dari~ is based on [he itequency
stabili[y of [he ultra stable oscillator (USU),  the changes in F 1 characreris[ics  were correlated to fluerwe
effects on the USO. This tluence originated in the  Jovian radia(ion  belts ZUld 10 torus. These regions %ere
poorly characterized (indeed, as was the solar corona), yet [ransnlissions fron] [he orbiter propagated through
all three regions.
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Several fluence  nlodels were constructed, but in the end oil were found wanting Lx_ irrlw~ctical. I’he ~ri~eria

we applied to adjudicate the pan-Io  F1 was informai. The FI residuds  wmc mrmured visual ly ag~inst a
“tIusIeci” trajectory. If the dara developed unoccountab/e  ucnds or ciiscon[inrri[ies,  wc attriburcd SUC!]
behavior to radiatio[~ impingement. Exactly  this behavior is illustrated in ~ic.urc  2. Th~ residuals ffill off
rapidly after 19:’12,  as indicated, ,and [he datfi af[er [ha[ tilne were deleted. In conrrast,  daur before 19:42
rcmairwd  remarkably  stable. These F1 (before 19:42) were assigned unique per-pass ~ Pri~~”i wcigh[s
between 20 and 4~ mhz (~ co 9 mm s-’). For conlparison, rhc prrs[[it  rrns resiciuals  showed a spread of 13
to 2!2 mh?.

E’]  g 2 :.. ..: =,
JO I h’e.~irluuls
As in [he IO flyby, the JCJI reconstl-uction  was lim][ed by [he availability of only FI and :ldequate  rllodellirig
Of the radiatiorl zones,  Nevertheless  the f-’l WUILi b(jLt[d discre[e  events an(i es[i  mute the dLll ation ot’ J~f.
For this reason two hours of FL during JO1 were includcci ITI the recorlslrLic[ior]  SC[.  ~]eCaLISe the dat:l qLtality

was poor and datfl rnocieis nonexistent during  [his peri~ci, the u pl-i{jr~  F 1 was dc-weighteci to 150 [Ilhz,  1,20
mm s“’). After solving for JOI. [he postflt F1 r[[ls  resiLiua]s  fell to 31 nlhz. (4 mm s“’), indiculirlg [hat [hc
initiai weighting was conservative.

I’he nlajol-ity of [he riaca set consisted of two-way coherent dopp~er, spanning Novemhcr 2 [ to January’ 31.
1996, These data were &ssigned per-pass a pmri uncermintles  be[wecn  7 and 70 nih~ (05 [o  5  nllll s“’),
w i th  [i]c nlode being aboLlt  30 mhz. (l’his range of wei::ilts exciudes the first F’2 pass fol lowing JO[ on
Dec. 9. whicil because of its proximity [O conj LIrlclion was de.-weighte.ci  to appro~irlla[eiy  15 mrl~ s ‘) S~i~r
conjunction on December 19 imposed a data black-out fron] Dccemixr  10 rc) Ilecen~ber  2S (-7° [o + 7° Sun-
Earth-orbiter angie). .Nloreover for approxiniately  three or four days on eoch sicie of [his gap.  significantly

larger residuals were evicient. The residuals straddling this conjunction gap were inirially assigned a weight
of 60 mhz. The postfit rInS  of these dam dropped marginally ro ==55 mhz, or -4 mnl s“ 1. (This degmdation
derived from propagation of orbiter tratlsrrlissions through [he solar corona. ) .L\s seen in Fi8 5. the F?
resldLlais. the datfi improves markedly beyond the internlediate region.

A preliminary 10 reconstruction was attempted on the day of [he flyby with 20 minutes of post-lo data. This
solution was la belled OL)1OO  and is listed in ‘I’able 6. A comprehensive exposition of reconstructed values
will be de[.ailed in the following section; this section exists merely to point out the accuracy of 01) 100. a
solu[ion  produced quickly with minimal n~odeiling, and from minimal post-encounter date.

OD 100 calculated the. closest approach altitude [O equal  8922 2 km. ‘1’he ulass of Io (GNI1o)  was estimated
at 5959.8  * ().9 km3s”2. These determinations can be compared with values  compLt[ed  fl’Onl the long tic
reconstruction (discussed next): 900 * 0.3 km anti 59615 ~ 0,2 km’ S“2 respectively. The agreement is
good considering the minimal ltvei  of modelling used in [his solution. We should drop this sectioil.

Fiq 3  b.ere
Bi Oorous lo/JOI Recon_slr.scl~!3n.L–.. - -–— ---——-–

l’he long ,arc 10 reconstmction applied g[ezrter rigor than the preiiminz~  reconsn”uction. l’he long arc
contained four times as much data znd employed improved Io and Jupiter ephenlerides,  and estimated the IO

gravity field.

A list of xli estimated and considered parameters in the long arc IO reconstrr]c&icm is supplied in Appendix 2.
T’he estimated quantities included orbiter state, sateliite ephert]erides,  sate~lite masses (as well as the second
order gravity t’ieid of Io), Jupiter’s mass, Jupiter’s Jz and J~ ha[-rllonic terms, Jupiter’s pole orientation.
spacecraft propulsive events including JOI (where  the thrust was mocielied with a 5th ciegree polynorrlial  acd
an exponentially decaying acceleration), solar pressure, and F] bias, drift, and drift-rate terms. (Stochastic
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1;2 biases and i o n o s p h e r i c  p r o c e s s e s  were dcnlons[rflted e l s ewhere  ro bc incorlsequcntifii [O [III:  [o
reconstruction. so [hey were not inciutied here. ) AS previously  ncxed, K? rcsldu.als from [IN conv<rgcd
so[ution  are shown in Fig. 3.

[O Ephemeris
The orbiter’s tmcourrtcr  with 10 provided ,an unprecedented oppor[uni[y  [o dircc[ly measure dIC location CIt 10
relative to Earth. (1’h~ Io-spacecraft re]a[ivc [llcasurenlcnt was ~~ox n~orc sensiti~e than Voyager. ) Dy dso
measuring the .lupiter-spacecmft  rektcive state, 10’s ]Oca[ion with twpec[  m Jupiter may thcrr be interred
l’his measuremerr[  WaS obtained by radiorue[ric  Illcar]s during [he tlyby. The rrwasuren~en[  indicmxl tin u-ror
in Io’s Jovi-cenrric  state at [he time of [he flyby of the fol]o~virlg nlagrli[llde:  9 kn] and 2 rrIs 1 (RSS), {vlr~l
rcspec[  to the JPL sa[cllite ephenleris  JUP076,

A  p r i o r i  s[a[c  ktlo~ledge of Io was represcnrcd by JUP076,  lJsin S that  ex[an[  cphcrr~cris M J [ct’ercrrcc,
component differences be[ween it and the Ltpda[til  Io cphcnleris  could bc COlllpU[ed:  [hey am prescn[cd  m
plots in Fig, -Ia, b.c.  (The plots have njagged appemal]ce  due [O [hc discm[iza[ion  ot’ [he plottin$ prograrll,  ~
I’he greatest difference (uncertainty) between JLlp076  and [he reconswuc[ed  10 cphcmcris  exisrs  in [he our-ot-
plane direc[lon  (the differences oscillare over onc orbital period  flonl  approxlnlately  -50 to +50 km, o !it[le
more [ban 1 a Priori  u). This was  expccrecl, as that direc~on reprcse. rr[s the glcatest unccrroir)[y  in [he 10

ephenleris, Tile downtrack difference vmies between () and 20 km, I“he rrlewr  of this latter difference Implies
a downaack  secui~ bias of abour 10 kJn in JIJP076,  T’har  in turn sLI:sests a mean nlorion mor in k’s

ephemeris. Radi,al differences am seen [o oscillate bc[weerl -5 ,md 5 ~111, ‘1’he changes  indica[ed  ‘by these

p/MS  tare srmtl( md 110[ really significant. as [hey lie w,ithin approxir]~ateiy  lo ot’ JUP076.  (For conlpanson,
Appendix 2 lists the JUF’076  u priori state urlcerlainties,  )

Europcl Ephernem
Sirr~il~rly,  new ~nsigh[s  were forthcorrling a[ Europa, m [he tlyby pru~,ided  &Ita 4W more sensi t ive [htin
Voyager. An equivaien[  sate!hte  stirte measure  n~en[  wi.Ls  aiso  ob(ained for Europa, and drr Xijus[rilerrt  in i[s
Jovi-centric  state WaS computed: 108 krrl ,mo 3 rns’ 1 (RSS). PIOM of the differences  between the uplwd
Europa ephemeris and JUT’fY76  are given in F’i~, 5a.b,c. The downtrack  error dominates [he Europa
ephemeris because of the approximately -$0 km bias (obouc 10) seen in Fig, 5b. (T’his is indic~tive  of a
rrumrr  ntotion error’. ) The out-of-plane differences are significantly kargcr [=200 km), bu[ the mean dots no:
show a de[errninistic ot’fse[.  These out-of-pl,arte  (and rfidial) d~rferenc[~$  oscillating around zero lndic~(c a
small acljustn~en[ to the node hm occurred,

The changes for Europa are significantly larger than rhose for IO and nlay indicate tha[ 10, with the hi:hes[
orbital frequency of the four Galile.w satellites, has the best determined (i pn’titi ephenleris of the four 1[
follows [ha[ disagreements between the updated ephenlcricles of Gmytnede  (,and Callis(o) and JUIW76 may
show even greater  cfegrad~tion  as Gdilco  visits those sa[c.llites in turn.

Figs  J dnc! 5 h.e:e
Io Grtwity Fie[rl
T’he present work rrlso presents preliminary results from the tirst-ever sampling of the 10 gravity  field. T“ht
following parameters were estimated for the 10 grovi[y  field: n]ass (~lvlld),  Jz, and C~z (the solu[ion
exhibited no sensitivity [o S2Z).

l’he details ~f this gravity field deternlimrtion  ore outlined below. A sample  space was cons~uc[ed from
seven parar~le[ric trials. Each ttial adjusted one Of the following paranleters:  arc length, rr priori uncer[ain(y
in J2 and/or C2Z, or correlation between a priori Jo and Czl. See Tabie 7.

Arc length was subdii’ided into three distinct data sets. ‘1’}Ic  tcrrrl ‘Ion: ore’  (alreudy nwntioned)  denotes the
entire data set, from Nov. 21 to Jan. 31. Similarly. ‘in[etrnediate  arc’ will refer to a ddta arc f’rorrl No\,. ? 1
to Dec. 7 19:42 UTC  (i.e. to one and one-quarter hours past 10 closest tipprwch). I’he “short arc’ began on
Dec. 3 18:00 xnd ended at the same time as the ‘in[ermecfiflte &rc’,  I)ec. 7 19:42.
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,4 priori J2 find CZZ uncertainties were nssigned one ot’ two valum: nolllinal (clerived f r o m  a layewd,
hydrostatically -equilibrated mode! for 10), or uncorls~airlcd.  ~Lli([ed then by [hc IO model, nominai
uncertainties were given the following proportions: J. + 3 I%. C, + lQ@~, The unconstrained Uncerla!ntic!;. .
were ief[ wide-open: 3: + 500%, C~z * 1600%, Tk Jz md C2~ coefficients were uncorm!md for rrIosr
trinls. For a hyd[-ostatic body in synchronous rotation, h o w e v e r ,  s o m e  [hcorists  have wgued  for o
constr,airwd  coupling between Jj and C2. [7]. By  employing such o theoretical device, the proportional
correlated unccrtain[ies  can be shown to be: Jz ~. 167% Ond Cz? 3 167% (plus cross -[erms). This par~icular
case is listed as Trial 3 in ‘1’~blc 7.

In Table 7, Trial 1 represents the nominal long arc solution. (-l’hc  residuals shown in Fis. 3 were a pr’o~iuc:
of this solution. ) I’rial 2 r’epresen[s the case without any a pri~~n constrains on  Jz and Clz. CIIVl,,, f’mlls,  bu:
J~, C?z and CiFvl,Ul, all rise with respect to the nominai in this kr[ter trial. although nor signiticfinrly (cxccp:

Cl:). l’rial 2 in effect establishes bounds on [be movements of J? md C1n, bu[ is nor rcprescnts[ivc  oi
reality because of the unna[ur’ally  large sigmas placed on the harmonics. Ncvcr[bclcss,  [[ is cornfor[ing [o
no[e [hat this solution closely approximaux  “1’rial 1. The unccruinty o n  CINIJUP  for l’riais I a n t i  2 i:
sligh[ly larger than [heir ~ priori sigmas because of consider effects -- prininrily the iorrosphem.

Table 7. 10 Gravity

1 rial Flyby Alt. Latitude TCA J, c,, GM. Glbt,”o o Adjust.
(km) (degrees) (m:s) Xlo+ xlo~ (km’ s“’) (km’ S“2) (km 8SS)

———
1 9oo.4io.3

2 9oo.5~o.4
3 898.1  =1.0.5

4 9oo.4io.3
~ 899.9f0.7

6 901.2? 0.7
7 887.4L0.3

-9.60 T.0,01

-9.63 +0.01

-9,5610.02

-9.60 zO.01

-9.55 +0.02

-9.52 iO.01

-9.59 io. ol

47:0010.01 2044? 454 1591=31 5961 .5 f. O.? 126712811+  102 9

47:00  t o o l 2202’.672 2608? 34 5961 ,0f0,2 1267128191102 8

46:59  zO.01 8607:114 2582-’-34 5960.6:0.2 1267127901 8 DNC

47:00:0,01 2398? 597 1535131 5961 ,5i0.2 126712770+ 100 5

46:59:0.01 1037*554 600 5961,950.2 126712764i 100 6

46:59?0,00 o 0 5961,9i0.2 126712764+100 5

46:59  +0.01 1879i 599 536f31 5960.4?0.3 126712827= 1 3
27

? rial Data Arc Notes apriori J2 aprlori C=
X104 xlo~

1
2

3

4

5

6

7

N o v 2 1 - J a n 3 1 70dayarc, uncorrelated  J2  and C~ 2000i 610 600170

Nov21 -Jan31 70 day arc, uncorrelated,  ’’free” J, andC,, 2000+10,000 600i10,000

Nov21 -Jan31 70 day arc, correlated J, andC22 2000 333-3-9 600 f1000

Nov21 -Dee 7,19:42 16dayarc, uncorrelated J2  and  C,, 2OOO*61O 600 +70

Nov21-Dec7, 19:42 16daytic,  estimate J, only 2000 f 610 600
Nov21 - Dec  7, 19:42 16 day arc, did not model J, nor Ca o 0

Dec  3- Dec 7, 19:42 4 day arc, uncorrelated  J, and CU 2000 f61 O 600:70

Trial 3 represents the correlated Jl ~rrd G-: cme. This ar[empted  solution did no{ converge. I’Ire  filter was
incapable of fi[ting the correlated Io gravity nloclel to the pre- and post-Io dsta arcs, I.ack of convergence
indicates a severe mode!ling  error, and we are forced to conclude (bat a hyclros~qcically -inc{uced correlation
between JQ and Czl does not exist within Io. The vfilues [~buiated for Trial 3 were extracted from [hit
(Lrnconverged) 34th iteration.

‘J’rial 4 is the intermediate analog to I’rial 1, The interlnediate  arc was intrcxiucecl with the intention of
removing possible unmodelled error sources from the post-Io  trajectory. k seen in Table 7, the grnvit:y



solutions for Trials I and ~ we remarkably similar. The largest discreparrcy  is a ~ km diffcrewe  in rhe
posi t ion of Io. But we ex~cted a poor de(ermirmrion of Io’s posi[ion with the inlermediflte arc since ~he
out-bound Lmjcctory  in Trial 4 is poorlv  detined. T“hus rllis-nlodellings  in the post-10  Uajectory are ti[h,t:r
non-existent or insignificant.

l’rial 5 examined [he possibility that C:2 was masking .JZ, Thus C:2 was fixed in this trial. In [hc ebsenc:
of o[her da(a Trial 5 nlight represent a valid solu[ion. F.xamirrxion of dK residuals t’rom this solu[Icn
shows, however, a poor fi[ to [he encounter data, ‘I_hus  Trial 5 is not o so[isfac[ory  so[u[ion. I’rial  6 is [he
null case -- nei[hcr  J2 nor C:z w,ere modelled,  while  this is an unsatisfactory mode{, i[ provides a US!?fJ[

comparison [O other rrials. Residuals for this trial m iliustra[ed in Fig 6 Cleorly  the solu[ion is mis -
modelled. The residual signature at closest approach has a scat[cr OF 2s0 mlrz, wirh  an ove[all rrms or 33
rnhz for the dn[~ shown.

Fig 6 :~.c 1“=

The salient item tO note fTOIn these analyses is the consistency of the uncorwkmxi Ion:  and In[erlliedi:tc
arcs, Trials 1 Jnd ~. Compaled w~th the inconsistency ot’ the remaining n-ials. For 3’rials I and 4, -J1 v:ir).,}
between ?.0  x If)” and 2.4 x 10-; with wr uncertainty of ubouL *,0,5  Y 1 ()-j. CjJ $olves  out sligh[ly  sT1~ailrr,

w i t h  u vuiue  of about 1.5 I 10”3 and an unctrminty  OF +0.03 x 10“3.  Some  mis-rnode!lirrg nevenheltss

remains in [he 10 gravity tielci,  as denmnscratecl with the 10 residufil  plot from  Trial 1 in Fig. 7.

1’o de[ermine the level of significance of the signature in Fig, 7.0 cumpari~on was rnude  with the null czsd

in F;ig. 6. T’he pc:lk-[o-peuk  range in Fig. 6 is roughly twice [he range of ih~ residuals seen in F:ig. 7 I;m
o~,er~]l  dati] rms for Fig. 7 is 24 mhz, -- approxirlla[ely  70% of F:i~, 6, Titus modc]ling  J: and (~: ha<
improved the fr[, ul[hough  the influence of Io harrrlonim o n  gloss t’~d[ures (CT~Nl{,).  tlyby Ol[ltucie) is
minimal. In any event, ~ gravi[y  signature persists neor close,st :Ipprouch for Trlol> I - 6.

. . .: IL: : :“, ~- ~ .:

The short arc, Trial 7, reprcduc:s the me[hod of Ande:son et al [81. T riol 7 moreover. succeded in
elilninaung  [he closest ~pproac,n  grav~ty signature. Sec F’ig, S. .~;!a[. ~esidulis rherefore  ~ould Lx
achieved, but at Sreat expense, as demcmszrawd by adding  n~ore da[a. To wit. re[ur[~in~  to the long arc
solution and incorporating: the Io ~ravity pamnleters  f~om I’rial  7 in[o that analysis Icods ro inconsis[:nt
results. The solution exhibi[ed  numerous local nlinima and would not converge. That is, the gravity fieid
determined for IO from the shorr arc would, in m~lt, yield a trfijec:ory in strong disagreemerir  with the long
arc asymptotic values.

The Tria~ 7 values in Table 7 starkly contrast with all previous trials. In particular, rhe altitude is
appreciably lower, and the shift of 27 km (and 0.8 ms”() in 10’s state is very signitlcant  conlpared to Trials
1 -6. The largest componertrs  of this change wem 23 kilometers zdong the out-of-plzrne  axis and -68 cm s“’

in [he radial direction. The largest conlponerrt  odjust[llents for the Icing arc were 7 Kllome[erx  and 2 ms”[,
both in the. out-of-plane direction.

Fig 8 ksr?
The trade for position adjustment ra[her than velocity observed in Trial 7 is the expected exchange when
spacecraft state is poorly de[errnined  from o clcmh ot’ tracking daut. l’he shol-r  arc, apparently, could not
cxen sufficient control over the inbound asynlptote  -- leaving the spacecraft stfi[e unconstrained. 10 was
[hen free to move within the hounds  of its covariance since [he spacecraft did not establish any limirs.
iIence both stafes were fidjusted until the least-mean squares filter ren]oved the only renlaining bump -- [he
gravity signature. A comparison between the asymptotes of [he long arc and short arc clexly shows [his.
The inbound asyn~ptotic  uncertainties of the short m-c are significonrly  larger compared to the long  MC:

S*RG  = 85 ,urad, S*TCJ = 5 prad. V- o = 84 rns”i v, S*RO = 56 prod,  S*TO == 3 ~rad, V4 o . 71 Ins”,
respectively, .4s a manifestation of these uncerlflinties. [he respective trajectories on Dec. 3 18:00 (epcwh
for Trial 7) differd by 49 krn and 19 CM s“’ (RSS). wzhile the altitude difference at closest approach was 3
kilometers (all in Jupiter-centered coordinates). The two trajectories bear litrle resenlblance to one ~nother.
~nd similarly .yield rmalogous conflicts re~ardin~  [he 10 gravi[y  fie!d.
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We conclude that the best estimate for the 10 gravl[y field ~[ I~S (irne is tlom  the long arc soiu[ion. I“his
solution ~ives GLFd,O  = 5961.5 t 0.2!  kI113 S“2, Jz = 2,044  ~ 4$L X10-6,  r2~2=  1591 :31 x10””,  and S~l = O ::
70 XI O-A.  The observations also indicate that a gravity model of 10 conmining oniy second  order [erms is .UI
inadequate rcprescnrfition  of the field. FUIIJTC  il~]provcrllen[s  [O the sa[cllitc ephemerides in ~encral wiil
inlprove [his 10 reconstruction by estfibiishing [igh[er  linlits on Io’s covariance.

].01 .Re.mscw.cjp  n This part still needs }vork

The JOI model  consisted of the following ptirmneters: J O I  sutr[ time, JOI dorfition,  burn dircc[lon  (u, S),
xrci thrust (modelled with a fifth  degree poiynonlial),  The nominal thrus[  profiie of JO[ is illustrated irl
Fig. 9. Since ~ fifth degree poiynorrlial  cannot, in :encra], xlcqu:ite]y fit a curve of lhe shape iilu.s[rattxi ir,
Fig. 9, an exporren[ially  dec:iying acceleration of five rrlinute dulaticrn  wus independently esti Tllate(i Liulin:
[he first five mlrru[es of JOI to suppienlertt the JOI thrust model during  that [inle. il(iciitional]y, [he spire
up and spin-down activities occuning  un either side ot JOI we re  rnodelled  w i t h  i m p u l s i v e  burn:
(insktntaneous  AV conlponerrts  along three Or:tro:onat  UXCS).  Table 8 lists the reconstructed vulues :md
uncertainties ot’ JO1, as well as their nlo~’ernerrt  F[orr]  the msociateLi  non) irral vaiues. I’he JO I AV estinm[r

determined an overburn  of 0.1 %, with spacemift  poin[ing in erlor by approxirnute]y [he sanle  proporriur
(0. 1%). Note that right ascension, JOI starl tinle, and J(3I duration .[il exhibit nlu]ti-~  shifts t’rorll [heir
nominal values. Fig  9  here

?’able 8. JO I Even t s

Magnitude Uncertainly Deviation

la——. .—. ——— ——. ——.———.
A v 645,301 MS ‘?? 0300  ??? +  0.130/o (<10)
c1 87.765’ 0.0063 2.8 cr
6 27,609° 0,024 <1 Cr

start time 00:27 :22.0 UTC 0.2 s -00:00  :02.4 (20)
duration 49 m 4.4s 0.3 s +27,3  S (50)

avg. thrust 392.8 N??? 0.3 <1 CT

spin-up 6.64 cm s“’ 2.37

spin-down 2.93 CM S“’ 2.06

A cleter(nirrrrtion  of a subset of’ Jupiter’s gravity parameters and its pole orientation i.e. CrNIJUP,  J~, J,, ad
(tx, 6), are presented here.

The Jupiter GM is estimated ro ecloal 126,712,,S11~ 102 kmj S“z -- a vriiue within the uncel[ainty quowd by
Cwrlpbeil and Synno[t [9]. l“hc solved values of J? and JJ do not differ  from values in the iiteroture, T he.
pole direction of Jupiter, however, undergoes a significant change, ~’he right ascension moves by 0.028”, a
change of neariy ?cr. The declination ]noves -0,0025°, a shifr of 10. The upkrted values and uncerr~in[im
are listed in Table 9,

Table 9. Jupiter Gravity (E M050)

GMJq J , J ,
(km’ s“’) x 104 xlo~ (deg;ees) (deg?ees)

-  . - — — — . . ———
126,712,811 f102 14,736 i 3 -587 j 15 268.027 f- 6,007 64.502 i.; .002 ‘-
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A P P E N D I X  1

A P R I O R I  Model U n c e r t a i n t i e s
J u p i t e r  Ephenleris D e t e r m i n a t i o n

~Sliryateci  Pararneter.s

State

TCM 23,26
Fladial  acceleration
ODM thrust

a

8

Attitude corrections (Slturns)
Line flushings (RF’Ms)
Probe separation AV

Spins-up 1 down
Solar pressure
F2 bias
Ionosphere zenith delay (day)
Jupiter ephemeris

radial
ciowntrack
out-of-plane

Considered Parameters

Troposphere zenith delay
Ionosphere zenith delay (night)
LEN station locations (R, L, Z)
Earth ephemeris

radial state
downtrack state
out-of-plane state

10 ephemeris
radial state
downtrack state
out-of-plane state

10 mass (GM)
Europa mass (GM)
Jupiter mass (GM)

J2
J ,

Jupiter pole (a, 6)

10,000 km
10,000 krns”

1% of JV (each component)
5 x 10”13 knls”2 axial

8.4 N
O.1OO

0.1OO

Comments

(X, y,z)
(dx,  dy, dz)

impulsive maneuvers

2 %
loose
loose

2 mms ‘ spherical
1 rnms”’ axial, 0,7 mms”’  lateral
0.6 rnms ‘ axial, 2,3 mms ‘ lateral

10 rnrns ‘ axial, 16 rnrms”’ lateral
1 O% specular & diffuse components

=2.5 n]hz stochastic pararr]eter’
75 cm stochastic parameter’

DE143

9.4 km, 0.6 mm s ‘
34.3 km, 0.1 mm s“

229.0 km, 1.6 mm s ‘

Standard C)g.v(ation~l_g) Con:ulents

1 cm dry, 4 cm wet
15cm

50 cm, 70 cm, 6 m

7 m, 0,2 mm s“’
1,0 km, 0,002 mm s“’

1.7 km, 0.3 mm s“’

18 km, 300 cm s‘
81 km, 69 cm s“’
63 km, 230 cm s‘

14 km’ s“’
13 km’ s“’

309 km’ s“*
3.0 x lo<
15.4X 104

(0.001 8°, 0.0008°)

revised JUP071
average over 1 orbit
average over 1 orbit
average over 1 orbit

revised JUF’071
revised JUP071
revised JUF%71

R, L, Z = spin radius, longitude, distance front equator parallel to polar axis

1. data batch length = single tracking pass, correlation time = O days (i.e. white noise)



State

JOI thrust
a

6
start time
duration

JOI exponential acceleration
JOI exponential accel time const
S p i n s - u p / d o w n
Solar  pressure

Attitude corrections (Slturns)
Line flushings (RPMs)

IO ephemeris

radial state
downtrack state
out-of -p[ane state

10 mass (GM)

10 J,
10 c=
10 Sz

Europa ephemeris
radial state
downtrack state
out-of-plane state

Europa mass (GM)
Jupiter mass (GM)

Jupiter Jz
Jupiter J,

Jupiter pole (a, b)

F1
F1
FI

bias
bias rate
bias acceleration

Qonmiidewd  palarn.ete~s

Ionospheric zenith delay
Earth  ephemeris

radial state
downtrack state
out-of-plane state

Jupiter ephemeris

APPENDIX 2

A  PR/OR/  M o d e l  U n c e r t a i n t i e s
10 / E u r o p a  E p h e m e r i s  D e t e r m i n a t i o n

2000 km
100 rns”’

8 .4  N,  10-3 N s“,  7xlo”4  N s’
0.023°
0,023°

I s

(x, y, z)
(dx, dy, dz)

5th degree polynomial (n. 2,3,4)

5 s
2 ~ 10-~ ~,~z ~ial, I x 10’11 kn\s2 lateral

j rnin duration

10 s“

10 rnms”’ axial,  16 mms’ lateral
1 o% diffuse component only

2 n]ms  ‘ spherical

1 mms ‘ axial, 0.7 mrms ‘ lateral

revised JUPOi’6

6 km, 18cms’
4S km, 49 cm s“’
36knl, l12cn15’

10 km’ S“2

61 OX1O”
70 XIO+

revised JUP076

70 X104

7 km, 16 cm s“

50 km, 28 cm s‘

revised JUP076

69 km, 161 cm 5“
10 km’ s“’
100 km] S “2

3.0 x 104
15.0 X104

(0.015’, 0.003°)

10hz
1 mhz  s“’

0.02 phz  S“’

75 cm day, 15 cm night

7 m, 0,2 mm s“’
1.0 km, 0,002 mm s“’

1.7 km, 0,3 mm s“’

revised JUF)076
revised JUP076

(4 batches over 3 days, for 10&
1 batch over 2 hours, for JOI)

from reconstruction



radial state
downtrack state
out-of-plane state

1.4 km, 0.2 mm s ‘
11.3 km, 0.03 mm s ‘
179,1 km, l,2mms’

\
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